Introduction
The population dynamics of the algae growing in lacustrine ecosystems are governed by complex interactions between several environmental factors. The size of the algal populations in a natural community is determined by the in situ growth rate and the individual losses within the population. Algal responses have been mainly analysed so far in terms of the physical and chemical variability of the freshwater environment. Physical and chemical conditions certainly constitute the main factors controlling the growth rate of each algal cell under field conditions (Parsons et al. 1984 , Reynolds 1989 . Since the middle 70's, when some attention began to be paid to biotic interactions in phytoplanktonic studies, predation and parasitism have been known to be also reponsible for cell losses in natural populations (Takahashi 1980 , Reynolds 1984 , Lehman & Sandgren 1985 . A large number of algal species is infected with Chytridiomycota parasites (Paterson 1960 , Canter-Lund & Lund 1995 . These fungal ectoparasites grow at the surface of living algal cells and feed on the cytoplasm of their hosts (Canter & Jaworski 1979) . The fact that chytrids show a high degree of specificity for their cell host may reduce the number of algal species parasitized in a given ecosystem (Van Donk 1989) . Fungal infestations of algae can reach epidemic proportions, destroying much of, and sometimes most of the algal host population. These fungi have a high growth rate that can exceed the algal population growth rate (Lund 1957) . This top-down effect due to fungal parasitism can strongly affect the size of algal host populations, and favors the development of other algal species. Fungal epidemics depend in the first place on the cell density and the growth rate of the algal hosts (Bruning 1991 , Holfeld 2000 . Host/parasite associations are also linked to the abiotic variability of environmental conditions such as the temperature, light and nutrient concentrations, in particular (Van Donk & Ringelberg 1983 , Kudoh & Takahashi 1990 ). At very low temperatures (≤ 3°C), the parasitic activity of chytrids is inhibited (Van Donk & Ringelberg 1983) : the fungi form resting spores, whereas higher temperatures favor fungal growth (Van Donk 1989 , Kudoh & Takahashi 1990 (Van Donk 1989) : low temperatures can induce structural changes in the diatom wall and/or membrane that make algal cells more vulnerable to chytrid parasitism. In addition, the infection process by chytrids requires light (Canter & Jaworski 1981) . Movements of the chytrid zoospores are directed towards the most suitable hosts in the light, due to the presence of a chemical stimulus: exudates relaesed by the algae during the process of photosynthesis (Reynolds 1984) . In the dark, the rates of adhesion to host cells are low because parasites cannot find their hosts by using chimiotactic cues (Van Donk 1989) . Light limitation of the host results in unfavourable conditions for fungal parasitism (Bruning 1991) . Lastly, chytrids seem to grow better on healthy cells than on nutrient-limited algae: a larger number of zoospores are produced at a faster rate on heathly cells (Van Donk 1989) . However, nutrient limitation can facilitate the development of a fungal epidemic because parasite's reproductive rate will be less heavily affected by a limitation of this kind than that of the host (Bruning & Ringelberg 1987) . Chytrids frequently parasitize the diatom Asterionella formosa Hassall in temperate lakes. The parasitical epidemics occurring in A. formosa populations are linked to the algal cell density and abiotic factors such as light, temperature, and the phosphorus supply (Bruning & Ringelberg 1987 , Bruning 1991 , Canter-Lund & Lund 1995 . This diatom is common in southeastern France, particularly in reservoirs (Bertrand et al. 2003a ). The reservoirs in this region all have quite different morphometric and hydrodynamic characteristics due to the hydraulic regulation of the rivers. Here, the effects of human-induced hydrodynamic disturbances on the parasitism of the freshwater diatom A. formosa by chytrid fungi were studied on the landscape scale for the first time. The landscape has been defined on any scale as a mosaic of homogeneous units connected in space by exchanges of matter, energy and information (Zonneveld 1989) ; here each reservoir was taken to constitute one unit in the landscape studied. It was proposed to determine in addition whether the architecture of the host cell, as well as the cell density, may affect parasitism by chytrids at the landscape scale.
Material and methods

Study area
This study was carried out at the landscape scale, on a series of reservoirs located in two regulated rivers, the Durance River and its main tributary, the Verdon (Fig. 1) . The Durance-Verdon complex is located in south-eastern France, in the Mediterranean region. Due to the hydraulic regulation effected on these two rivers, the morphometric, geographical and hydrodynamic characteristics vary considerably from one reservoir to another in this complex. The present study was carried out at 9 of these reservoirs in the DuranceVerdon complex. Seven of them are hydroelectric reservoirs, three located on the Durance River (S1, S2, S3) and four on the Verdon River (S4, S5, S6, S7), owned by Electricité de France (E.D.F.). The other two reservoirs are managed by water supply companies for urban use: S8 is mainly crossed by the waters of the Durance River, and S9 is fed by the Verdon River. There is a calcareous geological substrate at all these reservoirs.
Hydrodynamic disturbance
The hydrodynamic conditions (the frequency and intensity of mixing) in the Durance-Verdon complex are highly variable in terms of both space and time. In lacustrine ecosystems, the mixing variability is known to exert variable levels of hydrodynamic disturbance on the phytoplankton (Reynolds 1984 ). Disturbances can be described as any discrete events which disorganize the structure of an ecosystem, community or population and affect the food supplies, substrate availability or physical environment (White & Pickett 1985) . In this study, the hydrodynamic conditions were assessed in terms of the mean annual retention time at each reservoir; the lower the retention time, the greater are the flow in the reservoir, the mixing and the level of disturbance will be. Three levels of disturbance were defined in this complex as regards the physiological and ecological requirements of the phytoplankton (Tilman et al. 1982 , Sommer 1985 , Reynolds 1988 ). Short (from a few hours to a few days), medium (over one week) and long (over one month) retention times were taken to correspond to a high, intermediate and low level of hydrodynamic disturbance, respectively.
In order to classify the nine reservoirs in terms of their morphometric features and the mode of hydraulic management used in these lentic habitats, a correspondence analysis was conducted on a set of qualitative data (Hill & Smith 1976) including altitude, mean depth, storage capacity, area, mean retention time, maximum water level variations, mixing rate, and year of completion of the reservoir. The values of these variables are expressed in line with the categories defined in the ADE-4 software program (Thioulouse et al. 1997) on the basis of the phytoplankton requirements (Table 1) . (2) Sampling design The nine reservoirs were monitored from January 1999 to June 2000. A total number of 207 phytoplankton samples (23 samples x 9 reservoirs = 207 samples studied) were collected. At each reservoir, a sample of water was collected on each date, directly behind the dam wall, from the surface water layer (depth: 50 cm) in a bottle of the Van Dorn type. Phytoplankton samples were fixed in situ in 5 % neutral formalin. On each date, a sub-sample (25 mL) from each reservoir was examined under an inverted Olympus microscope in order to determine the cell density, the architecture and the rate of parasitism on A. formosa. The population of this diatom was characterized by two descriptors: the cell density (cell L -1 ) and the architecture of each algal cell. The description of the architecture of the algal cells was based on two criteria: (1) the presence of unicellular or colonial forms, and (2) the configuration of the colony: stellate or non-stellate. The non-stellate configuration occurs in a colony where two cells are not attached to each other up to the basal pole. The density of the A. formosa cells parasitized by chytrids was measured in each phytoplankton sample.
Results
Hydrodynamic conditions in the reservoirs
The F1xF2 factorial diagram of the correspondence analysis accounted for 75 % of the total variability. The correspondence analysis of the morphometric, geographic, hydrodynamic and management characteristics showed the existence of three distinct groups of reservoirs (Fig. 2) . Group 1, which was negatively correlated with axis F1, contains deep reservoirs S1, S4 and S5. These reservoirs have a large storage capacity (> 150 m 3 x10 6 ), large level variations, reaching 50 meters at reservoir S1, and a water retention time of more than 100 days. These reservoirs are therefore characterized by a low level of hydrodynamic disturbance. Group 2 was negatively correlated with axis F2: it contains shallow reservoirs S7 and S9, which have intermediate storage capacities (≤ 100 m 3 x10 6 ) and retention times (one month). There are intermediate levels of hydrodynamic disturbance at these reservoirs. Group 3 was opposed to group 1 along axis F1. The very shallow reservoirs S2, S3, S6 and S8 in group 3 are distinguished by a very low storage capacity and an extremely short and variable water retention time (ranging from several hours to several days), since the retention time depends directly on the weather conditions and on the water and energy requirements. These reservoirs are also characterized by high levels of hydrodynamic disturbance. This correspondence analysis showed the great spatial heterogeneity of the hydrodynamic disturbances to which the algae at the Durance-Verdon complex are subjected: the level of hydrodynamic disturbance at the group 1, 2 and 3 reservoirs is low, intermediate and high, respectively.
Spatial heterogeneity of the diatom A. formosa
The densities of A. formosa differed significantly among the three groups of reservoirs subjected to different levels of hydrodynamic disturbance (Fig. 3) . The highest cell densities were observed at intermediate disturbance levels; the densities are mostly lower at high levels of disturbance.
Parasitism of Asterionella formosa
Based on our cell counts, the number of parasitized cells of A. formosa was found to be highly variable among the nine reservoirs (Fig. 4) . The rate of parasitism varied depending on the levels of hydrodynamic disturbance: at intermediate disturbance levels, the population of this bacillariophyceae showed greater parasitism, while at high or low disturbance levels, the parasitism was less extensive. On all the parasitized cells, the 2 to 3µm-length zoospores of Chytridiale were attached to the surface of the A. formosa wall (Fig. 5) , but the pattern of fungal parasitism of A. formosa depends on the architecture of the diatom. A. formosa cells forming colonies are more severely infected by Chytridiales than the unicellular forms, whatever the level of hydrodynamic disturbance in- (5)volved (Fig. 6a) . Among the colonial forms, Chytridiales are more frequently observed at the surface of A. formosa cells forming non-stellate colonies (Fig. 6b) .
Discussion
The correspondence analysis carried out in the present study on the morphometric, geographic, hydrodynamic and management characteristics showed the existence of three distinct groups of reservoirs in the Durance-Verdon complex: groups 1, 2 and 3 are characterized by low, intermediate and high levels of hydrodynamic disturbance, respectively, as regards the phytoplankton requirements. At the scale of the landscape formed by the Durance-Verdon complex, a gradient of A. formosa density occurs in response to the levels of hydrodynamic disturbance, since these levels control the ability of the diatom population to grow. Hydrodynamic disturbances are therefore likely to affect the density of the host cells liable to be potentially parasitized in lacustrine ecosystems.
The fungal parasitism carried out on A. formosa depends on the levels of hydrodynamic disturbance. Intermediate disturbance levels favor the chytrids, not only because they are associated with higher cell host densities, but also because of the morphological and physiological characteristics of the zoospores: high levels of disturbance were found to constrain the parasites and their algal host. These hydrodynamic conditions reduce the number of host cells. They are also likely to affect the swimming ability of the uniflagellated and small-sized (less than 4 µm long) zoospores and their ability to efficiently detect the algal host. Low levels of hydrodynamic disturbance do not seem to be a limiting factor for chytrids; in these reservoirs, the temperature pattern could have an inhibitory effect on the parasites growth (Bertrand et al. 2003b ). Furthermore, chytrids seem to be sensitive to the architecture of the algal hosts. The cells of A. formosa population are not randomly parasitized by fungi. Some architectural types seem to be more highly exposed to parasitism than others: the fungi were mainly found at the surface of the A. formosa cells forming non-stellate colonies. Colonies offer a larger available area for the zoospores of chytrids than the unicellular forms (Holfeld 2000) . In addition, A. formosa cells release substances that attract these zoospores (Van Donk 1989 , Bruning 1991 . A decrease in the attractive substances released by the host will contribute to reducing the rate of infectivity (Bruning 1991) . A colony consisting of a cluster of several algal cells may produce a larger quantity of substances than a single algal cell and, may thus enhance the chimiotactic processes which favor the development of chytrids. At the landscape scale, the fungal infection of the diatom Asterionella formosa is under the control of two factors: an abiotic and allogenic factor, namely the level of hydrodynamic disturbance, and a biotic factor, namely the architecture of the algae. The processes involved in the parasitism of algae by Chytridiales are complex. In future studies, it seems to be essential to take the top-down effects of parasitism into account in order to be able to better understand the population dynamics of algae and thus, the direction of phytoplankton successions.
